Toward deciphering Newell's model, it was discovered that the model bears close resemblance to the Longitudinal Control Model presented in Part I. As such, a bold conjecture was motivated that the Field Theory formulated in Part I can be used as a framework to relate existing microscopic and macroscopic models to each other. As such, a unified perspective can be casted on traffic flow models with bridges not only within but also between microscopic and macroscopic levels.
Newell's Untold Story
Half a century ago, Newell (1) proposed a nonlinear car-following model of the following form:ẋ
whereẋ i (t) is the speed of the vehicle i at time t, τ i is driver i's perceptionreaction time, v i is driver i's desired speed, λ i is a parameter associated with driver i (i.e. the slope of i's speed-spacing curve evaluated atẋ i = 0), s ij is the spacing between vehicle i and its leader j, and l i is the minimum value of s ij . Newell acknowledged that "No motivation for this choice is proposed other than the claim that it has approximately the correct shape and is reasonably simple."
It would be interesting to interpret Newell model and furnish it with a plausible motivation (this section). In doing so, it is found that the interpretation gives rise to a broader picture (Part I) that can be used to relate some existing traffic flow models to each other (Sections 2 and 3). As such, a unified perspective can be casted on traffic flow modeling with bridges not only within but also between microscopic and macroscopic levels (Section 4).
Without further delay, Newell model can be slightly rearranged as follows:
The above equation in turn is a special case of the following equation when vehicle i's accelerationẍ i is zero:
where g i is a positive, non-zero parameter associated with vehicle i. Eq. (3) is a dynamic car-following model which describes the acceleration performance of vehicle i, whereas Eq. (2) is a steady-state version of the dynamic model since the former describes the speed choice of driver i in steady state, i.e. when acceleration is not considered (ẍ i = 0). Eq. (3) can be further arranged as follows by multiplying both sides by vehicle mass m i :
One immediately recognizes that the above equation takes the form of Newton's second law of motion:
where
v i /λ i . Therefore, Eq. (4) can be interpreted as an application of Newton's second law of motion in driver operational control.
Relating Microscopic Car-Following Models
Extending the above discussion, it is conjectured that driver's operational control can be interpreted using the Field Theory formulated in Part I whose major results are summarized below for easy reference: The General Theory
where notations are the same as defined in Part I. The Longitudinal Control Model (LCM) Microscopically, forces on unit i in the longitudinal direction:
A specific form:ẍ
If one chooses δ = 1 and Z = s ij (t) * , the above equation becomes:
Desired spacing s ij (t) * admits safety rules and can take many forms, e.g.
Macroscopically, the steady-state equilibrium form of LCM is:
or more specifically
Newell Model
Back to Newell nonlinear car-following model. Comparing Eqs. 1 and 8 reveals that the former can be resulted if one chooses to apply steady-state condition (i.e.ẍ i (t + τ i ) = 0), set Z = v i /λ i , δ = 1, s * ij (t) = l i , and useẋ i (t) as the response variable and apply a time delay τ i .
Forbes Model
Forbes model (2; 3; 4) is based on the following safety rule: the time gap between a vehicle and its leader should always be equal to or greater than the reaction time τ i . This model can be admitted into the Longitudinal Control Model (Eq. 9) as a means to determine the desired spacing s * ij (t) which is formulated in Eq. 10.
General Motors (GM) Models
The family of GM models (5; 6) are generically formulated as:
where m and l are exponents and α is a dimensionless coefficient. Compared with the Field Theory, GM models consider only the vehicle interaction force F j i in Eq. 7 and ignores unsatisfied desire for mobility (G i − R i ). Rather than translating intrusion exponentially to vehicle interaction force as in the Longitudinal Control Model (Eq. 9), F j i in GM models mimic Coulomb's law in Electrostatics. According to Eq. 15, Vehicle i is attracted to (or repelled by) vehicle j if the latter travels faster (or slower) than the former.
Gipps Model
The (7) model consists of a system of two inequalities with one governing free-flow regime and the other car-following. The free-flow inequality reproduced below is a result of fitting empirical observations and its function is to accelerate a vehicle from its initial speed asymptotically toward its desired speed without oscillation.
The above equation can be re-written in the following differential form after considering time difference τ :
where g i = 2.5g i 0.025 +ẋ
. Notice that Eq. 17 is actually the unsatisfied desire for mobility term in Eq. 9 when the vehicle interaction term disappears.
The Gipps car-following model is derived from the following safety rule: at any moment, a driver i should leave sufficient distance behind its leader j such that driver i has enough room to respond and decelerate at a rate of (b i > 0) to a safe stop behind j should the leader applies an emergency brake (B j > 0). The scenario is illustrated in Figure 1 and the model reproduced below:
The astute reader has recognized that the above model describes the desired spacing. This is the same safety rule used to derive Eq. 11 which is slightly modified from and simpler than the above model.
Intelligent Driver Model
The Intelligent Driver Model (IDM) (8; 9) is expressed as a superposition of the follower i's acceleration term and a deceleration term which depends on the desired spacing s * ij :ẍ
where δ is acceleration exponent, s *
] with s 0 , s 1 , b i , and T i being parameters. Remarkably, IDM resembles the Longitudinal Control Model in Eq. 9. From the perspective of the Field Theory, IDM relates the interaction F j i between vehicle i and its leader j to the squared ratio of desired spacing s * ij to actual spacing s ij . In addition, IDM has its own safety rule to determine s * ij which is conveniently admissible to the Longitudinal Control Model.
Van Aerde Model
The Van Aerde car-following model (10; 11) combines Pipes (12) and Greenshields (13) models into a single equation:
, v f is the free-flow speed of the roadway facility, k j is the jam density, and v m is the optimal speed occurred at capacity q m .
The Van Aerde model constitutes yet another safety rule which can be related to the Longitudinal Control Model as the desired spacing s * ij .
CARSIM Model
The CARSIM model (14) consists of a set of acceleration algorithms: A1: Vehicle i is moving but has not yet reached its desired speed v i . Depending on i's initial speed and urgency of the task, the acceleration rate is found by entering Tables 1 and 2 provided in the original paper. A2: Vehicle i has reached its desired speed v i . No specific algorithm is provided except that the driver will try to reach v i as fast as possible while satisfying all safety and operational constraints. A3: Vehicle i was stopped and has to start from stand still. A maximum acceleration rate is applied constrained by a non-collision constraint after a response delay. A4: Vehicle i is in car-following with its leader j. A 4 is determined by satisfying the following safety rule: vehicle i should leave a non-negative gap (s ij − L j ≥ 0) from j should i be advanced one time increment ∆t:
2 and other variables are as defined before. A5: Vehicle i in car-following is subject to a non-collision constraint which is reinforced by considering the desired spacing:
and B j are maximum deceleration rate of i and j respectively. The astute reader immediately recognizes that the first choice of the right-hand side follows the rationale of Forbes model (2; 3; 4) and the second choice is similar to that of (7) model if driver i is willing to apply emergency brake (i.e. b i = B i ) as well.
The CARSIM model is compatible with the Longitudinal Control Model. As a matter of fact, A3 is resulted whenẋ i is set to zero in Eq. 9. A1 is obtained when the vehicle interaction term (i.e. F j i ) becomes zero. As vehicle i speeds up, Eq. 9 predicts that the actual acceleration decreases, which is reflected in Tables 1 and 2 in the original paper (14) . A3 is found whenẋ i is equal to v i in Eq. 9. A4 and A5 are related to the Longitudinal Control Model through safety rules which are the same in both models except for a slight implementation difference.
Psycho-Physical Model
Wiedemann model (15) represents a typical psycho-physical model whose principle is depicted in Figure 2 .
The approaching regime continues up to point C where the two vehicles becomes sufficiently close and their speed difference is small. After point C, the two vehicles are in car following. As driver i tries to adapt to vehicle j's speed, the gap closes up. Driver i stops deceleration when the two vehicles are moving at the same speed and their distance remains constant. Considering that driver i may temporarily lose attention (e.g. on cell phone) and slow down. In this case, the gap begins to open till the driver realizes that he or she is falling behind. Consequently, the driver tries to catch up and, hence, the gap closes up again. If driver i overshoots, he or she may be reminded to back up again. Therefore, the trajectory of driver i oscillates within a unconscious reaction region (the white region) in the ∆x − ∆ẋ plane. Though the psycho-physical model is not directly contained in or derived from the Field Theory like the above models, the effect of the former can be reproduced by the latter. For example, in Figure 6 of Part I, the follower i is in free-flow regime when the leader j is far ahead. As i moves close to j, the former will ride up onto j's potential field and, hence, perceive a repulsion force F j i . This signifies the beginning of the approaching regime. As F j i increases,ẋ i adapts toẋ j . Sooner or later, driver i will will find an equilibrium spot around the desired spacing s * ij where the unsatisfied desire for mobility balances the vehicle interaction force. At this point, vehicle i enters the car-following regime. As driver i's attention (i.e. ζ i ) drifts, the vehicle may oscillate around s * ij unconsciously, as predicted by Eq. 6.
Rule-Based Model
An example is Kosonen model (16) At each time step, the motion of i is checked against the above rules one by one. A latter rule always supersedes any earlier rules should there be a conflict. Similar to the situation in the psycho-physical model, the above rulebased model is not directly contained in or derived from the Field Theory. However, the effect of the rule-based model can be reproduced as well if one is willing to fuzzify the the Field Theory. For example, after fuzzification and discretization, the desired spacing s * ij can be decomposed into two portions s min and w stab , see Figure 3 , which mimics the original setup in (16) . Therefore, vehicle i does nothing by default if it has reached its desired speed and the road is free (i.e. Rule 1 above). If i's desire for mobility has not been fully satisfied (i.e.,ẋ i < v i ), it would accelerate (Rule 2). If i approaches j and is within w stab , i would not accelerate (Rule 3). Vehicle i needs to decelerate if it intrudes into s min (Rule 4). There is no need for i to decelerate if it becomes slower than j (Rule 5). Vehicle i would stop if it collides with j, which is ensured by the steep potential field when the vehicles touch (Rule 6).
Relating Macroscopic Equilibrium Models
The Field Theory and the Longitudinal Control Model are related to existing equilibrium models as follows.
Newell Model (Macroscopic)
Under equilibrium, Newell car-following model translates to its macroscopic counterpart of the following form:
Notice the close resemblance between Eqs. 21 and 12. In addition, through its microscopic counterpart, the above model's connection to the Longitudinal Control Model has been discussed in §2.1.
Van Aerde Model (Macroscopic)
The equilibrium counterpart of the Van Aerde Model can be written as:
where all variables are defined before. Through its microscopic counterpart, the above model is connection to the Longitudinal Control Model as discussed in §2.6.
Intelligent Driver Model (Macroscopic)
Under equilibrium condition, a special macroscopic case was derived from the Intelligent Driver Model (IDM) (8; 9):
where T is average safe time headway and s = 1/k is average spacing and k traffic density. Through its microscopic counterpart, the above model is connection to the Longitudinal Control Model as discussed in §2.5.
Pipes-Munjal Model
Pipes-Munjal (17) model takes the following form:
where n is a coefficient and other variables are defined before. Thinking in the reverse direction (i.e., from macroscopic to microscopic 1 ), the above model seems to suggest a microscopic basis of roughly the following form:
Note that the microscopic basis may take many other forms and the above represents only one of possibilities. With the above equation, it becomes clear that, the Pipes-Munjal model can be derived from the Field Theory if one chooses the vehicle interaction force F j i of the form (
n . Similar technique can be applied to other equilibrium models in an effort to restore their microscopic basis from the perspective of the Field Theory.
Drew Model
Drew (18) model takes the following form:
where all variables are defined before. Applying the above technique and replacing n with n + 1 2
, the suggested microscopic basis is:
which can be derived from the Field Theory by choosing
1 The same technique was used to derive Van Aerde car-following model (microscopic) from Greenshields model (macroscopic)
Wang Model
Wang (19) recently proposed a stochastic equilibrium model whose threeparameter deterministic version takes the form of:
where k c is critical density (i.e. the density after which speed drop becomes noticeable as density increases from 0 to k j ) and θ a coefficient. The microscopic basis of the model could be:
where s c = 1/k c is the critical spacing (i.e. average spacing at critical density). According to the Field Theory, one only need to choose
] to obtain Wang model.
Del Castillo Model
Del Castillo (20; 21) proposed a family of exponential generating functions which can be represented as
where λ is called "equivalent spacing" which is a function of density k and n is a parameter. Setting n = 1 and n → ∞ results in the following two special cases, respectively:
and
where C j is kinematic wave speed at jam density and other variables are defined before. Eq. 32 is referred to as the "maximum sensitivity curve". Eq. 31 takes a similar form to Newell model and the Longitudinal Control Model. If one chooses |C j | = λ/k j , Eq. 31 becomes Newell model and hance is connected to the Longitudinal Control Model. If the conjecture that λ = 1/τ were true, |C j | = λ/k j = L/τ which is the speed required to traverse a nominal vehicle length L (i.e., a vehicle length plus some buffer space) during one perceptionreaction time τ . L typically ranges from 5 to 10 meters and τ around 1 second. This yields |C j | around 5-10 m/s or 11-22 mph which agrees well with the numbers provided in (20) . Note that the above two special cases are derived from the exponential family of speed-density curves, which represent a much broader set of models than Newell model. In addition, the family of speed-density curves can be represented generically as
where ψ(k) is a generic function and admits the corresponding terms in Equations 31 and 32. From the perspective of the Field Theory, Del Castillo seems to suggest a vehicle interaction force F j i proportional to e ψ(1/s ij ) .
GM-Related models and Enriched May Diagram
There is a set of models in the early history of traffic flow theory, including Greenshields (13), Greenberg (22) , Underwood (23) , and Drake (24) 
Description of the Unified Diagram
The diagram consists of three panes. The left pane contains picoscopic models which are able to represent vehicle motion in both longitudinal x and lateral y directions on a planar surface. The Field Theory formulated in Eq. 6 belongs to this category. The middle pane has microscopic car-following models which only describe vehicle motion in longitudinal x direction. In this category, models which describe vehicle motion based on acceleration are grouped as "dynamic" models such as GM models, while those describing vehicle motion based on speed choices are grouped as "steady-state" models such as Newell model. The right pane includes macroscopic models which describe equilibrium speed-density relationships. The connection lines show which models are related. The numbers on these lines, which are explained below, indicate where the bridges between models are discussed in the text. For example, Connection # 10 indicates the relation between the microscopic Longitudinal Control Model (Eq. 9) and Newell non-linear car-following model (Eq. 1). By entering the list below, the reader is referred to §1 and §2.1 for the discussion on such a relation.
List of Connections in the Unified Diagram
This subsection references connection numbers in Figure 5 to the proper locations in the text where the nature of these connections are discussed.
• #1: See Eq. 9 for Longitudinal Control Model as a special case of the Field Theory.
• #2: See Eqs. 10 and 11 for safety rules being admitted into the Longitudinal Control Model.
• #3: See §2.3 for for GM models as a special case of the Field Theory.
• #4: See §2.2 for Forbes model as a safety rule.
• #5: See §3.8 for the equivalence between Pipes model and Forbes model.
• #6: See §2.6 for Pipes model being admitted into Van Aerde model.
• #7: See §2.4 for Gipps model as a safety rule.
• #8: See §2.7 for the relation between CARSIM and the Longitudinal Control Model as well as the safety rule in CARSIM.
• #9: See §2.6 for Van Aerde model as a safety rule.
• #10: See §1 and §2.1 for Newell model as a special case of the Longitudinal Control Model.
• #11: See §2.5 for the relation between IDM and the Longitudinal Control Model.
• #12: See Part I for deriving macroscopic counterpart of the Longitudinal Control Model.
• #13: See §2.8 for the relation between Psycho-Physical model and the Longitudinal Control Model.
• #14: See §2.9 for the relation between Rule-Based model and the Longitudinal Control Model.
